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INTRODUCTION 
The development of better materials, improved construction 
methods and design te9hniques have overcome most of the early diffi­
culties of bridge structures. Unfortunately, bridge failures still 
occur occasionally due to the failure of their piers caused by 
scouring of the pier foundation. 
The earliest study on the scour around bridge piers was made in 
1873 by Drand Claye (1) in France. Since then, many investigations 
have been conducted to aid in understanding the mechanics of scour 
and from them, to develop effective means of protection against scour. 
largely due to the complexity of the scour phenomena, all the theories 
and methods of protection thus developed are, unfortunately, not 
easily applied and their applicat.ions are generally limited to special 
cases. 
Among the many methods of protect�on, riprap aprons around the 
foundation of the bridge piers, shields around the piers at various 
elevations, and piles installed immediately upstream of the piers draw' 
considerable attention. Riprap aprons are spread over a rather large 
area and therefore are costly. A shield has been experimentally proven 
to be an effective method of protecting piers against scouring of the 
foundation; however, the lateral force on the pier due to drag force 
on the shield remains to be studied, In addition, because of the 
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costly construction of the �orms, shields are seldom used in the 
field. 
The idea of protecting piers by means of diverting oncoming flow 
by piles installed immediately upstream of the pier has been dis­
cussed by many investigators in the past. Jt had not been developed 
until r ecently when Shen (2) and Chabert and Engeldinger (3) con­
ducted experimental studies on the effect of piles on scour around 
model piers. Since the effect of the piles is largely affected by 
the direction of oncoming flow, this method is effective only for 
piers where the direction of oncoming flow is stable. 
Many bridge sites are chosen at the narrowest crossing of r ivers 
and the banks are usual_ly well protected, and therefore, the flow 
direction is stable. Compared with other methods, the pile pro­
tection method for these bridges is efficient and practical. Most of 
all, it is economical. 
Shen (2) conducted only three experiments; Chabert and 
Engeldinger's (3) experiments were limited to one flow condition for 
which the Froude number was 0. 578 . Considering its endurance and 
economy, further investigation is necessary to confirm the pile 
protection method. 
The purpose of this study was to find the r elative position of 
piles to the pier so the maximum reduction of the scour could be 
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obtained. The study was maqe by using one cylindrical pier. A pile 
or a cluster of three piles.was placed directly in front of the 
bridge pier to reduce the depth of scour. The centerline of the 
bridge pier and pile or piles was aligned with the direction of flow. 
Four flow conditions, with the Froude number ranging from 0. 138 to 
0.47, were studied. 
REVIEW OF LITERATURE 
The mechanics of scour around bridge piers is not yet fully 
understood. Therefore, both the study of scour theory and research 
for reducing the depth of scour around bridge piers are largely 
based on laboratory experiments. 
Shigeru Tanaka and Motoaki Yano's Experiments 
·Tanaka and Yano (4) tested a circular cylindrical pier at the 
University of Kobe, Japan. This circular cylinder had a circular 
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thin plate added on the main body of the pier . The position and the 
diameter of this thin plate could be changed. When the height of 
the horizontal circular plate on the pier was increased from the 
alluvial bed, the depth of the scour hole was also increased. When 
the size of the circular plate was decreased, the effect of the plate 
on the local scour also decreased. And, when the size of the plate 
on the bed was decreased, the local scour occurred upstream of the 
plate and developed on the alluvial bed under the plate . 
Their experimental results showed a general tendency for the 
scour depth to become smaller as the ratio of the plate height to 
the boundary layer thickness became smaller . They tested D/d = 3, 
4, 5., 6; where D = diameter of plate and d = diameter of pier . When 
D/d 3, the percentage of reduction of scour was around 39%. When 
D/d = 6, the percentage of reduction of scour was up around 45%; 
however, the larger plate costs more to build. 
Zdenek Thomas's Experimental Study 
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Thomas's (5) experiment on diminishing the scouring of t�e bridge 
pier by placing a horizontal shield on the pier structure ·was based 
on the fact that scouring of the bottom at the upstream surface of 
piers is caused by diving flow, which moves downward\ along this up­
stream surface. The horizontal shield on piers .prevents this ver­
tical flow from reaching the bed. When the shield is near the 
bottom, the shield not only decreases the depth of the scour, but 
also reduces the size of the scour hole. When the shield was placed 
directly on the bottom surface, the reduction was up to 38. 6% for 
D/d = 3. When D/d = 2, the reduction was up to 25%. The depths of 
scour without the shield were measured under the same flow condition. 
This study basically was the same as experiments performed by Tanaka 
and Yano (4) . For D/d = 3, the experimental results of Thomas (5) 
and Tanaka and Yano (4)_were almost the same. 
H. W. Shen's Stud y 
Methods of reducing scour were grouped -into four categories by 
Shen (2) at Colorado State University. The first method considered 
was modifying the upstream nose of the bridge pier; there was no 
noticeable reduction in the scour depth by roughening the upstream 
face of the cy lindrical· pier. When the upstream wedge angle of a 
point nose pier equalled 15° , the reduction of scour depth was 65%; 
however, the maximum scour was shifted downstream. 
The second method was making an apron to maintain the scour at 
a fixed depth. This depth must be chosen to prevent both upstream 
and downstream undermining of the apron. 
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The third method was placement of a pile upstream from the main 
pier. Shen concluded from his study that placing a pile correctly 
causes the horseshoe vortex (2) system to curve around the pier. 
Because the vortex does not come in contact with the main pier, the 
scour is reduced (2) . The diameter of this additional pile was 
important. 
The fourth method Shen used was riprapping around the bridge 
pier. The depth of the riprap and the gradation of riprap were 
important. The smallest gravels should be placed at the bottom. 
The size of the gravels should gradually increase with the largest 
particles at the top. In doing so, the small particles at the bottom 
will not be sucked out by the low pressure created by the high veloc­
ity of water passing over the top (6) . 
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Chabert and Engeldinger's �periments 
Chabert and Engeldinger's (3) study consisted of three main 
parts. The first part was a study of the law of similarity using 
cylindrical piers with different diameters set in erodible materials 
of different grain size. The second part was a study of the in­
fluence of pier shape and angle of attack . The third part consists 
of tests of different types of scour protections. Here we are 
interested in the third part of their study only. 
The major types of scour protection considered by Chabert and 
Engeldinger ( 3) were caissons, flanges, and piles. ·They studied a 
49 mm diameter pier and the effect of a cylindrical caisson of 
diameter varying from 80 to 200 mm. The optimum arrangement existed 
when the diameter of the caisson was three times the pier diameter, 
and the cut-off level was located about one-half pier diameter below 
the natural bed.  
Chabert and Engeldinger tried placing a circular flange of 
thin material around the pier to limit the free formation of the 
scour hole. Flanges of different diameters set at different levels 
were studied. For the scour to be significantly reduced, they 
claimed that the flange had to be of the order of.three times the 
pie� diameter which coincides with Thomas's (�) experimental 
findings. Inclining the flange either upstream or downstream 
improved its efficiency a li�tle. This kind of protection had the 
least sensitivity to the angle of attack (the angle between center­
line of the pier and the direction of the flow) . 
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The most frequently used arrangement of piles tested by �habert 
and Engeldinger was three piles forming a triangle of wedge angle 
from 90° to 30°, placed at different distances from the pier. They 
studied the effect of the angle of attack with this kind of pro­
tection. When this angle changed from o0 to 15° to 30°, the depth 
of scour increased significantly. Therefore, Chabert and Engeldinger 
concluded that this type of protection is directional. 
The results of Thomas's experiment showed that the shield has 
the best efficiency for reducing scour around the bridge pier. 
Another advantage of the shield was that it had the least directional 
sensitivity. However, the study was confined to the cylindrical nose 
pier. Whether the shield would apply to other types of existing 
bridge piers still needs to be proven by laboratory experimentation. 
Moreover, it is also a matter of economy to build this kind of shield 
on a cylindrical bridge pier. 
ANALYIJCAL CONSIDERATION 
·Function of Protection Pile 
The major functions of the pile are to reduce the velocity of 
the approaching water and to force the water to flow around the 
cylindrical pier similar to the way it would around a sharp nose 
pier. It was observed �uring the experiment that the water surface 
rose as it approached the pile . The increased elevation was an 
indication that part of the velocity energy was·converted into 
potential energy (6) . This caused the approaching velocity of the 
flow to decrease. 
The sharp nose pier has the least scour depth as was shown by 
Shen (2) and Chabert and Engeldinger (3) . When three piles are 
used instead of one, the water flows more smoothly because three 
piles increase the similarity to the sharp nose pier. 
The pier and piles divide oncoming flow into two symmetrical 
flows about the center line of the pier. Each of these symmetrical 
flows curve outward from the center line as it approaches the pier 
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similar in characteristics to the flow along a river bend . The flow 
along a river bend is subjected to a centrifugal f�rce which causes 
an increase in the elevation of the water surface at the outer bank 
of the bend . This transverse hydraulic gradient across the rive·r 
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initiates a transverse flow �hich moves along the river bottom from 
the outer bank to the inner bank . 
A similar transverse flow occurs in the flow around a pier. 
This flow dives along the upstream wall of the pier and flows ou�-
ward along the river bed . When this flow is combined with the for-
ward component of the main flow, it produces a spiral secondary 
flow for some distance downstream of the pier . It is this secondary 
flow which carries away foundation soils and thus causes scour 
around the pier . Generally, an increase in the intensity of this 
secondary flow increases the scour depth. Therefore, in order to 
reduce the depth of scour, it is first necessary to reduce the 
secondary flow induced by the superelevation . 
In the flow of water around a pier, the slope of the water 
surface must be perpendicular to the effective body force acting 
on the fluid (6) . For �a fluid particle flowing along a curve, the 
slope may be expressed as follows: 
dH 
ds 
m v2 /r 
mg 
(Equation 1) 
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where m mass of a fluid particle; 
V velocity of a fluid particle; 
r radius of streamline curvature; 
g the gravitational acceleration; 
H water surface elevation; and 
s length taken along a curve orthogonal to the streamline. 
In order to obtain an expression for the superelevation of the 
water surface near the pier, Equation 1 must be integrated along a 
curve orthogonal to the streamline: 
ds (Equation 2) 
ds 
Thus, the superelevation, AH, is proportional to the square of 
the velocity of the main flow and inversely proportional to the 
radius of curvature of the streamlines, r. ·1t is obvious that any 
increase in the value of r will result in decreasing the super-
elevation. This will weaken the secondary flow, thus reducing scour 
depth. The main function of the piles used for.pier protection is 
to smoothly divert the flow which is approaching the pier so that 
the radius of streamline curvature of the flow will be increased. 
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Shen (11) studied the velocity field upstream from a cylin-­
drical pier based on the assumption that the flow was two-dimensional 
and would obey the potential flow theory. However, he was not 
successful in expressing the radius of streamline curvature in a 
simple formula, and thus, the integration of Equation 2 was n6t 
accomplished. In fact, immediately after the scour is developed, 
the flow around the bridge pier is no longer two-dimensional, and 
the two-dimensional approach is no longer valid. The variation of 
velocity and the changes in the pattern of streamlines in three­
dimensional flow around the pier are very complicated. So far, no 
rational approach has been attempted. 
Dimensional Analysis 
In any problem with a large numbe� of independent variables, 
such as the problem of expressing the flow around a pier, the tool 
of dimensional analysis· (6, 7, 8) often proves to be very helpful. 
This tool utilizes the fact that the physical factors influencing a 
physical phenomenon should be related in an equation which is dimen­
sionally homogenous. Dimensional analysis has been found especially 
useful in hydraulic analysis. It is employed here to discuss the 
scour phenomena around bridge piers . 
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When there is no pile tp protect the bridge pier, the important 
variables that influence the depth of scour around the cylindrical 
piers are· 
B = diameter of pier; 
f = density of fluid; 
_JA = absolute viscosity; 
g = the gravitational acceleration; 
V = mean velocity of flow; 
d50 = mean diameter of sand; 
Yn depth of flow; 
S = slope of bed; 
t time; 
D
8 
= depth of scour from original bed. 
By assuming that all these factors can be related in an equation 
which will accurately describe the entire scour phenomena, tµis 
equation can be written in the general functional form: 
0 
Three physical dimensions (mass, length, time_) are involved, 
and hence one can obtain seven independent dimensionless terms . 
Choosing pier diameter, density of fluid and velocity as the repeating 
233091 
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variables (any one of these'variables can be chosen as long as three 
physical dimensions are contained), seven dimensionless terms can 
be formed: 
F (R F d50 !n, S, �' �S) 2 B, B, 'B B n n 0 
Dimensionless scour depth� can. be written in terms of these 
dimensionless terms: 
Qg � F3(F R £50 !n s Vt) ti B, B, B ' B ' ' B (Equation 3) 
When a pile or piles are used as a protection against scour 
to the bridge pier, there are six other variables besides the ten 
variables mentioned above: 
D = Distance from the center of the pile to the nose 
of the pier; 
d = Diameter of the pile; 
A Upstream wedge angle of three piles; 
e The spacing of piles; 
N Number of piles; and 
H = Length of pile. 
When a pile or piles are used to protect the bridge pier, Ds' 
is substituted for Ds. 
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Assuming that all sixteen of these variables can be related in 
an equation that is able to describe all the scour phenomena, this 
equation·can be written in the general functional form: 
F4(B, f 'J'' g, V, d5o, Yn, S, t, Ds', D, d, A, e, N, H) 
Choosing pier diameter, den§ity of fluid, and velocity as 
repeating variables, the following thirteen dimensionless terms can 
be formed: 
Scour depth with pile protection can be written in terms of these 
dimensionless terms: 
D ' ::::s 
(Equation 4) 
( 
, Q5() !n Vt D d e H 
F6 RB, FB, B ' B 'B' s , B' B' B' B' A, N) 
Combining Equation 3 and Equation 4, the rate of reduction of scour 
depth can be written in a functional form as Equation 5. 
(Equation 5) 
D H Y Vt d d · e G(RB, FB, B' B' Bn ' B' 850 , B' B' A, S, N) 
0 
Where: 
D 
B 
H 
B 
� 
B 
d 
B 
Xn 
B 
Qso 
B 
Vt 
B 
v2 
gB 
dimensionless term of rate of scour red uced; 
pier Reynolds number; 
pier Froude number; 
non-dimensional distance from axis of the pile farthest 
upstream to the nose of the pier; 
non-dimensional pile length; 
non-dimensional spacing of piles; 
non-dimensional diameter of pile; 
non-dimensional depth of flow; 
non-dimensional median diameter of the sand; and 
non-dimensional time parameter. 
16 
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EXPERIMENTAL METHOD AND TEST PROCEDURE 
Equipment 
The equipment used in this experiment consisted of the following: 
1. Flume: The flume used was 25 feet long, 23¼ inches wide, 
and 23½ inches deep. The flume was constructed.with transparent 
plastic walls, an aluminum chassis and a steel stand. A valve was 
used to adjust the flow, and a screen was used at the flume entrance 
to distribute the flow uniformly across the flume. 
2. Sand: The median diameter of the sand used in this experi­
ment was d50 = 0.55 mm. The analysis of the sands is shown in 
Figure 1. Sands were uniformly spread on the flume bed forming 
½-foot layer over the 20-feet test section which started five feet 
from the head screen. A curved board was used to connect the 5-feet 
section between the head screen and the sand bed in order to form a 
smooth transition for entering flow. 
3. Flow system and pump: A centrifugal pump was used to re­
circulate the water from the head reservoir to the flume. 
4. Model: Cylindrical pier models were used in the experiment. 
The diameter of the cylindrical model pier was one and one-half inches� 
Two pair of the identical piers were placed side by side in the flume 
in hope that both piers were simultan�ously exposed in the same flow. 
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For one pile protection, a 3/8" diameter pile was used to pro­
tect the bridge pier as shown in Figure 2(a) . 
When higher percentages of scour reduction were desired, three 
piles, as shown in Figure 2(b) were used, hoping that they could 
divert oncoming flow much more smoothly. The possible arrangements 
of the piles in the three pile scheme are numerous. However, an up­
stream wedge angle of either twenty or thirty degrees and a pile 
spacing of one or one and one-half inches were used. There were, 
consequently, four different combinations for the relative location 
of the piles used in the experiments. 
For short pile protection, the arrangement of short piles was 
the same as the best combination of th�ee pile protection where e = 
1.5 inch and A = 20°, only the pile length was shortened. In these 
experiments, the effect of short piles were tested using ratios of 
pile length to the depth of flow equal to 0. 33, 0;44, 0. 50, 0. 66, and 
0.80. 
Procedure and Measurement 
The experimental procedures were as follows: 
1. The model was set up in proper alignment -with the direction 
of flow. 
2. The bed of the flume was smoothed evenly. 
3. The head reservoir was filled. 
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4. The centrifugal pump was turned on and the valve was set as 
to flow the desired discharge. 
5. The depth of flow was adjusted to required depth. 
6. During the experiments, the discharge and depth of flow were 
constantly checked to maintain steady flow. Readings of the depth of 
scour were taken every fifteen minutes, but the water was not clear 
enough to make accurate readings during the experiment. 
7. After the desired time interval, the pump was shut off. 
Most of the experiments were run for two hours. The short pile exper­
iments, however, were run for one-half hour or one hour. 
8. Water in the flume was then carefull_y drained so as not to 
disturb the scour hole and the bed surface. 
9. After the water was completely drained, a reading w�s taken 
at the deepest spot around the wall of the pier model, which was 
scaled into one centime,:ter spaces from the bottom. The maximum depths 
of scour for both the pier without pile protection and the pier with 
pile protection were recorded and compared. The upstream bed surface 
elevation was estimated by taking time-averaged readings of the bed 
surface during the experiments. Bed surface and depth of flow were 
measured with the scale attached on the wall of the flume. Discharge 
was measured by an orifice plate, which was carefully calibrated _using 
a calibrated rectangular weir. 
In order to determine the average viscosity, the temperature 
of the water was recorded once at the beginning of the experiment 
and once at the end of the experiment. 
Flow conditions 
Two different disch�rges were used: one and one-half cubic 
foot per second and one cubic foot per second. When the discharge 
equalled one and one-half cubic feet per second, the velocity 
equalled 1. 03 feet per second and the depth was 0. 75 feet. When 
20 
the discharge equalled one cubic foot per second, there were three 
depths of flow. They were 0. 35 feet, 0. 50 feet, and 0. 75 feet. Tne 
corresponding velocities for each of these depths of flow were 1. 47 
feet per second, 1. 03 feet per second, and 0. 68 feet per second . 
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PRESENTATION OF EXPERIMENTAL RESULTS 
·Analysis of Results 
For the purpose of studying the relation between the reduction 
of scour and the location of protection piles, the data for the one 
pile protection were plotted in Figure 3 .  The Froude numbers were 
0. 208 and 0. 25 6; the pi�r Froud� number was equal to 0. 5 125 and pier 
Reynolds number was equal to 0 . 12 x 105. The maximum point of this 
curve is at D/B = 1. 5. For this value of D/B the pile was most 
effective in reducing the scour depth . 
It can be clearly seen from Figure 3 that for values of D/B 
larger than 1. 5 , the curve starts descending. This means that when 
the distance between the pile axis and the nose of the pier increases 
gradually beyond the point D/B = 1. 5, the effect of the pile to re­
duce the scour decreases gradually . At some point upstream, it 
becomes equal to zero. Again for values of D/B less than 1.,5, the 
curve starts descending gradually . This means that as the pile 
approaches the n�se of the pier, the efficiency of the pile in 
reducing the scour decreases . As the pile moves into the pier and 
becomes tangent to the pier, that is, where there is no pile, the 
reduction of scour becomes zero. 
Figure 4 shows one pile protection plotted for a Froude 
number of 0. 43; the pier Reynolds number was equal to 0.17 x 105 
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and pier Froude number was �qual to 0. 73. The best location of the 
pile was D/B = 1. 5 for this case also. 
The correlation of D/B and the rate of reduction of scour for 
three pile protection was plotted in Figure 5. The Froude number was 
0. 138, the pier Froude number was 0. 338 and ·the pier Reynolds number 
was 0. 081 x 105. Figure 5 shows that for D/B = 2. 75 the pile was 
most effective in reducing the depth of scour. 
The flow condition for the data plotted in Figure 6 was the 
same as that in Figure 5, and other geometrical arrangements were 
the same. Only the wedge angle was different. In Figure 5 where 
the wedge angle was 30°, the reduction of scour was 50% at its best 
location. In Figure 6, where the wedge angle was 20°, the reduction 
of scour became 63. 8% at D/B = 2. 5. 
Pile spacing also had an effect on the rate of scour reduction. 
Figure 5 apparently shows that the piles with a spacing equal to � 
the pier width were better in reducing scour depth than were those 
having a spacing equal to two-thirds of the pier -width. This indi-
cates that the oncoming flow was more smoothly diverted by the three 
piles with a spacing of e/B 1 than by those having a spacing of · 
e/B = 2/3. 
Figure 6 also shows that when the pile spacing was e/B = 2/3, 
the variation in scour reduction was �ery small, ranging from 41. 9% 
to 44. 7%. It is clear to see that this spacing was not as effective 
as the spacing e/B = 1 for which the reduction rate was as high as 
62% for the same wedge _angle of 20°. 
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In Figure 7 the small square symbols represent the data of 
SDSU's experiments for the following flow condition: the Froude. 
number was 0. 25 6, the pier Reynolds number was 0.12 x 105 and the 
pier Froude number was 0. 5 125 . For checking the data of SDSU's 
experiments, Chabert and Engeldinger's data were also plotted in 
Figure 7. Chabert and Engeldinger's flow condition was as follows: 
the Froude number was 0. 5 78, the p�er Reynolds number was 0. 22 x 
105 and the pier Froude number was 0. 87. 
The diameter of the pier used by Chabert and Engeldinger was 
49 mm. They used two pile diameters, 15 mm and 8 mm, and tried four 
different pile spacings, e/B = 1. 2, 0. 71, 1. 24, and 1. 65 . Figure 7 
indicates that the maximum scour reduction, which was 42. 25 %, 
occurred when the pile _spacing was e/B = 1. 24. The.scour reductions 
for e/B = 1. 65 and e/B = 0. 71 were 32. 6% and 22%, respectively. 
These �esults clearly show the importance of pile spacing . The 
curvatures of streamlines could not be made smoother either when the 
pile spacing was too large or when it was too small. 
As another means of checking the e�perimental results, the scour 
depth was plotted against dimensionless D/B in-Figure 8.  In this 
figure, the ratio e/B was equal to one for both Chabert and 
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Engeldinger's and SDSU' s experiments. The shape of these two curves 
is very similar. When D/B � 2, the minimum scour depth in the SDSU 
investigation was equal to 46 mm·. For Chabert and Engeldinger' s 
data, the minimum scour depth was equal to 53 mm when D/B = 2. 
The Froude number in Chabert and Engeldinger's experiments was 
higher. The scour depth was larger in their investigation because 
the maximum scour depth'is related to the Froude number when the 
depth of flow is kept constant (9) .  
Figure 9 shows the results of the short pile experiments. 
The ratio of the distance from the axis of the pile farthest up-
stream to the nose of the pier to the diameter of the pier was two, 
e/B = 1 and A = 20°. Only the ratio of the pile length to the depth 
of flow and the flow conditions varied. When the Froude number was 
0. 208, the data showed that the maximum scour reduction which was 
44.7% occurred when H/Y = 0. 44. When the Froude number was 0.138, n 
the maximum scour reduction rate was 42.9% at H/Yn = 0.5, while for 
the Froude number of 0.256, the maximum scour reduction rate was 
39% at H/Yn = 0.60. The data for the full length pile experiments 
were plotted in the same figure. From Figure 9 it can be seen that 
short pile protection is nearly as efficient as full length pile 
protection . The cost of a shorter pile, however, is less. 
Some of the Phenomena Observed 
Shape of the scour hole and location of maximum scour. The 
scour hole was an inverted cone shaped hole when cylindrical piers 
were used which was coincidental with Carstens (10) observations. 
The diameter of the scour hole was greater without pile protection 
than when piles were used for cylindrical pier protection. 
The maximum depth of scour was located at the nose of the 
cylindrical piers. 
Effect of dune movement to the scour hole. Sand saltation in 
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the water forms a slowly moving heap of sand called a dune (7). In 
the laboratory experiments, dunes usually started at the upstream 
portion of the bed and moved slowly downstream as the experimental 
time increased. The dunes were three feet to five feet long. If a 
dune passed over a scour hole, some sand went into the scour hole. 
In order to take an accurate reading, the experiments were discon-
tinued before the sand filled or partially filled the scour hole. 
Deposition of sediments. On the downstream side of the piers, 
the energy of the oncoming flow was reduced due to friction loss (7) 
and the dissipation of energy caused by turbulence in the wake zone 
behind the pier. Because of this, the transporting capacity of the 
main flow decreased and sand was deposited downstream from the pier. 
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This sand formed a leaf-shaped deposit; the end closer to the bridge 
having more deposition, and tapering gradually downstream . 
CONCLUSIONS 
The experiments were performed under restriction of flow 
conditions and model geometrics; therefore, the conclusions must 
be drawn under these restrictions: 
1.  Steady uniform flow 
2. Obstruction caused by a cylindrical type bridge pier 
3. Center line of bridge pier and the pile aligned with the 
direction of flow 
4. Froude number greater than 0. 138 and less than 0.47 
5. Sand size, d50 = 0. 55 mm 
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The following conclusions are drawn subject to the restrictions 
mentioned above. 
1. When a single pile is used as a means of protection against 
scour, it should be placed so that the ratio of the distance from the 
center of the pile to the nose of the pier to the diameter of the pier 
is one and one-half. It should also be placed directly upstream from 
the nose of the cylindrical pier. 
2. For three piles protection, the upstream wedge angle shouid 
ideally be 20°, and the ratio of the pile spacing and the pier diameter 
should equal one; the distance from the center -0f the pile farthest 
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upstream to the nose of the .Pier should be two and one-half times the 
pier diameter, and the piles should be upstream of the nose of the 
bridge pier. 
3. Short piles could make the pile protection method more 
economical. A pile about two fifths the length of a full length 
pile is almost as efficient as a full length pile in reducing the 
depth of scour. 
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TABLE 1 
One Pile Protection 
FB 
= 0. 5 125 remp. = 69°F (average) 
R
B
= 0 . 12 X 105 d = 3/8" 
B = 1. 5" s = 0. 3% 
t = 120 min d
50 = 0. 5 5  mm 
Run V yn F D/B Ds Ds 
' Reduction of 
Number (ft/sec) (ft) (cm) (cm) scour (%) 
1-1 1. 03 0. 75 0. 208 1 6. 4 4. 9 23. 4 
1-2 . 1 . 03 0. 75 0. 208 2 7. 4  6. 4 1 3. 5 
1-3 1 . 03 0. 75 0. 208 1. 5 6. 6 4. 5 31. 8 
1-4 1 . 03 0. 5 0. 25 6 1 6. 9 5. 7  17 � 4 
1-5 1. 03 0. 5 0. 25 6 2 6. 3 5. 5 12. 7 
1-6 1. 03 0. 5 0. 256 1 6. 7 4. 9 26. 9 
.. 
1-7 1. 03 0. 5 0. 25 6 0. 835 7. 1 6. 5 - 8 . 48 
1-8 1. 03 0. 5 0. 256 2 7. 3 6 17. 8  
1-9 1. 03 0. 5 0. 256 1. 5 7. 9 5 . 95 24. 7 
Note: The experiment time for Run 1-5 was 110 minutes 
due to dune approaching the scour hole 
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TABLE. 2 
One Pile Pro�ection (continued) 
V = 1 .47 ft/sec t 120 min 
yn 0. 35 Temp. = 69
°F (average) 
F = 0. 43 d = 3/8" 
F
B 
= 0. 73 s 0. 3% 
R
B
= 0. 17 X 105 d50 = 0. 55 
B = 1. 5 " 
Run D/B Os Os 
t Reduction of 
Number (cm) (cm) scour depth { %) 
1-10 1 5 .9  5 15. 2  
1.-:11 2 7. 6 5 .8  23 . 7  
1-12 1 7.7 5. 2 32. 4 
1-13 1. 5 5 .7 4. 3 24. 6 
1-14 2 7. 5 5.6  25 . 3  
1-15 0. 835 4. 9 3 .9 20 . 2  
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TABLE 3 
Three Pile Protection 
V = 0. 68 ft/sec B 1. 5 " 
Yn = 0. 75' t = 120 min 
F = 0. 138 Temp. = 72°F (average 
FB = 0. 338 d = 1/4" 
Ra = 0. 081 X 10
5 s = • 0. 3% 
d
50 = 0. 5 5  mm 
Run e A D/B Ds Ds 
' Reduction of 
Number (inch) (degree) (cm) (cm) scour depth (%) 
3-1 1. 5 30 2. 75 4. 4 2. 2 50 
3-2 1. 5 30 3. 75 3. 5 2. 4 3 1. 5 
3-3 1. 5 30 2 3.9 2._6 33. 4 
3-4 1. 5 30 1. 73 3. 7 2. 6 29. 7 
3-5 1. 0 30 3. 5 3. 5 2. 5 28. 6 
3-6 1. 0 30 2. 5 3 � 2  2. 1 34. 4 
3-7 1. 5 20 3. 5 3. 8 2. 0 40. 7 
3-8 1. 5 20 2. 5 3. 6 1. 3 63. 8 
3-9 1. 5 20 2 4. 6 2. 3 50 
3-10 1. 0 20 1 , 75 3 . 1. 1. 8 41. 9 
3-11 1. 0 20 2. 5 3. 8 2. 1 44. 7 
3-12 1. 0 20 1. 37 3. 5 2. 0 42. 8 
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TABLE 4 
Three Pile Protection (Continued) 
V = 1 . 03 ft/sec t = 120 min 
Yn = 0 . 5' Temp . = 69
°F (average) . 
= 0 . 256 d = 1/4" 
FB = 0 . 338 s = 0. 3% 
RB = 0 . 081 X 10
5 d5·0 = 0. 55 mm 
B = 1 . 5" 
Run e A D/B. D s D '  Reduction of 
Number (inch) (degree) (cm) (cm) scour depth (%) 
3-13 1. 5 30 2. 75 6 . 8 4. 7 30. 9 
3-14 1 . 5 30 3. 25 6. 4 4. 8 25 
3-15 1. 5 30 2. 0 7. 8 4. 6 41 
3-16 1. 5 30 . 1. 73 6. 6 5. 0 24. 2 
, 3-17 1 30 3. 5 6. 6 4. 8 27. 2  
3-18 1 30 2. 5 7 � 5 4. 8 36 
3-19 1 30 2 7. 2 5 . 9 18. 05 
B = 1 .  5" 
d = 1/4" 
D = 2" 
e = 1. 5" 
A = 20° 
Run V Yn H/Yn F 
Number (ft/sec) (ft) 
5-1 1. 03 0. 5 0. 8 0. 256 
s-·2 1.03 0. 5 0 . 6 0. 256 
5-3 1. 03 0 . 5 0. 5 0. 256 
5-4 1 . 03 0.5 1. 0 0. 256 
5-5 ,, 1. 03 0. 75 0. 66 0 . 208 
5-6 1.03 0 . 75 0. 44 0. 208 
5-7 1.03 0. 75 0. 33 0. 208 
5-8 0.68 0. 75 0.4 0.138 
5-9 0. 68 0 . 75 0. 5 0 . 138 
5-10 0 . 68 0. 75 0. 66 0. 138 
5-11 0 . 68 0. 75 1 . 0 0. 138 
TABLE 5 
Short Pile Protection 
s = 0. 3% 
d50 = 0. 55 mm 
N = 3 
Temp. = 69°F (5-1 to 5-7, average) 
Temp. = 72°F (5-8 to 5-11, average) 
FB RB x 10
5 
t Ds D ' s 
(min) (cm) (cm) 
0. 5125 0. 12 30 6 3. 9 
0. 512 5 0. 12 30 5 . 9 3. 6 
0. 5125 0. 12 30 5. 7 3 . 6 
0 . 5125 0. 12 30 7 . 6 4 . 3  
0. 5125 0 . .  12 60 6. 3 3 . 5  
0. 512 5 0. 12 60 6 . 5 3 . 6  
0. 5125 0. 12 60 5. 9 3. 6 
0. 23 0 . 082 60 4.3 2 . 4  
0. 23 0 . 082 60 3 . 5 2 
0. 23 0. 082 60 3. 6 2.4 
0. 23 0. 082 60 4. 6 2 . 3  
Reduction of 
scour depth (%) 
35 
39 
36 . 8 
43. 4 
·39 _ 7 
44. 7 
39 
42. 3 
42. 9 
33 . 3  
50 
� 
0) 
47 
TABLE 6 
Chabert and Engeldinger ' s  Data 
V = 1 .  39  ft/sec N = 3 
yn = 0 . 334 '  A =· 3o
0 
F = 0 . 5 78 B = 49 mm 
FB = 0 . 865 dsand = 1 · 5 mm 
RB = 0 . 221 x ·  10
5 s = 0 . 5% 
Run e/B D/B d/B Ds D ' s Reduction of 
Number (mm ) (mm ) scour depth (o/�) 
C-1 0 . 98 1 . 5 0 . 16 83 5 5  33 . 8  
C-2 0 . 98 2 0 . 16 83 .53 36 . 2  
C-3 0 . 98 2 . 5 0 . 16 83 58 30 . 1 
C-4 0 . 98 3 0 . 16 83 62 25 . 3  
C-5 0 . 71 1 . 43 0 . 306 83 65 22 
C-6 0 . 71 1 . 83 0.306 83 . 72 1 3 . 25 
C-7 0 . 71 2 . 24 0 . 306 83 69 16.8 
C-8 1 . 24 1 . 43 0.306 83 5 5  33 . 8  
C-9 1 . 24 1 . 83 0.306 83 48 42 . 25 
C-10 1 . 24 2 . 43 0.306 83 5 1 38 . 5  
C-1 1 1 . 24 2 .  65 0.306 83 54 35. 
C-12 1 . 65 1 . 83 0 . 306 83 59 29 
C-13 1 . 65 2 . 24 0 . 306 83 61 26 . 5  
C-14 1 . 65 2 . 65 0 . 306 83 56 32 . 6  
C-15 1 . 2 1 . 43 0.16 83 59 29 
C-16 1.2 1 . 83 0 . 16 83 52 37.3 
C-17 1.2 2 . 24 0 . 16 83 56 32.6 
